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ABSTRACT 
The effect of the addition of two anticorrosive phosphate pigments, standard zinc 
phosphate and modified zinc phosphate (zinc molybdenum phosphate modified with a 
surface treatment) on the corrosion protection of an alkyd coating on steel, has been 
investigated by means of a traditional accelerated test (salt fog spray test) and an 
electrochemical technique (accelerated cyclic electrochemical technique). Solvent-based 
alkyd coatings based on phenolic modified resins were formulated with different 
anticorrosive pigment concentrations (3%, 4.5% and 6%, expressed as anticorrosive 
pigment volume concentration in dry film volume, PVC) and finally characterised. An 
improvement in the anticorrosive properties is obtained with the addition of both 
pigments, the coatings formulated with modified zinc phosphate having better 
performance. Both techniques showed results that can be correlated. 
 
1. Introduction 
Alkyd-based coatings are among the most widely used anticorrosion systems because 
they are one-component curing paints, relatively inexpensive and can be formulated into 
both solvent-borne and waterborne coatings [1]. The protectiveness of alkyd coatings 
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against corrosion has usually been enhanced by introducing inhibitors such as 
chromates [2], phosphates [3] and ion exchange pigments [4]. Nowadays, zinc 
phosphate derivatives are most frequently investigated, since conventional zinc 
phosphate was the first proposed non-toxic alternative to chromate-based corrosion 
inhibitors in paint formulations [5]. 
There are many explanations of the role that the zinc phosphate pigment plays in 
inhibiting the corrosion in the literature [6–9]. Many researchers agree that the 
mechanism of inhibition by this pigment is due to the formation of a passive oxide film 
on the metal surface, known as phosphatisation, as a result of the precipitation of 
insoluble compounds. This film reduces the rate of electrochemical processes since it 
can block active areas on the metal surface. Recently, Y. Hao et al. [10] demonstrated 
that the inhibition mechanism of zinc phosphate pigment in epoxy coating can be 
attributed to the synergistic effect of shielding and phosphatisation functions. 
In recent decades, multiple physical and chemical modifications on zinc phosphate 
particles have been performed, resulting in novel generations of pigments, which have 
improved water solubility and corrosion inhibition performance [6,11–13]. Among 
them, zinc molybdenum phosphate is one of the most investigated due to a potential 
synergistic effect between phosphate and molybdate ions [14,15]. Several investigations 
have reported the use of zinc molybdenum phosphate as a non-toxic anticorrosive 
pigment in epoxy, polyester and acrylic systems [16–18]. Del Amo et al. [18] discussed 
the performance of different systems (acrylic, alkyd, epoxy and vinyl) where zinc 
molybdenum phosphate was incorporated using the same concentration for each system. 
However, zinc molybdenum phosphate in alkyd coatings has not yet been studied in 
detail. 
Electrochemical techniques have become a fundamental tool for the evaluation of the 
anticorrosive effect of pigments integrated into coating formulations and applied on 
metal substrates. Although the accuracy of the salt fog spray test remains controversial 
[1,19], it is also frequently used to complement electrochemical results, partly because 
its application constitutes the most common procedure performed by coatings 
manufacturers in coating lifetime prediction. Therefore, finding correlations between 
the results extracted from distinct characterisation methods deserves the attention of 
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researchers aiming to validate the obtained values, although few studies focusing on this 
purpose have actually been reported [20,21]. 
The aim of this paper is to study the inhibitory effect of zinc phosphate and modified 
zinc phosphate pigments added to an alkyd formulation at different anticorrosive 
pigment volume concentration in the dry film volume. The formulations were tested on 
a steel substrate by means of the neutral salt spray test (NSS) and an accelerated cyclic 
electrochemical test (ACET). The results obtained by both techniques were correlated 
by means of a parameter based on the relative variations of the polarisation resistance 
(ΔRp*). 
 
2. Experimental. 
2.1. Substrate 
Standardised cold rolled steel panels S-46 from Q-Panel (CRS) were used in this study.  
The sample surface was degreased with acetone and coated with one layer of the paints 
to be tested.  
2.2. Pigments 
The pigments used were a standard zinc phosphate (NUBIOLA Nubirox N2) and a high 
performance zinc molybdenum phosphate with an organic surface treatment 
(NUBIOLA Nubirox 106). 
2.3. Coatings 
The coatings were applied with an application bar of 150 m wet film thickness on CRS 
panels and the thicknesses obtained were 67±3µm.  Prior to testing, the coatings were 
cured for one week at room temperature. Afterwards they were placed in a oven at 50ºC 
for 24 hours.  
 
Seven solvent based alkyd paints were formulated (Table 1), each of them containing an 
anticorrosive pigment at different dosages: 0% (Reference), 3%, 4.5% and 6%, 
expressed as anticorrosive pigment volume concentration in dry film volume. The paint 
formulas were calculated keeping the same solids volume percentage (45%) and the 
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same PVC/CPVC ratio (0.70) (CPVC being the critical pigment volume concentration) 
in order to compare the pigment effect at the same free binder volume level. 
 
Table 1: Formulations and physical parameters. 
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Bentone 34, gel 10% in xylene 4.38 4.31 4.38 4.32 4.38 4.34 4.38 
Titanium Dioxide RD3 5.09 5.00 5.09 5.02 5.09 5.05 5.09 
Anticorrosive pigment 0.00 7.08 6.98 5.33 5.23 3.57 3.49 
Calcium Carbonate MIBER A10 18.59 15.20 14.10 16.03 15.22 16.89 16.35 
Talc Finntalc M05SL-AW 12.62 10.32 9.57 10.89 10.33 11.47 11.10 
Synolac 7503X60 20.36 19.63 21.32 19.81 21.08 20.00 20.84 
Nusa 57 0.37 0.38 0.36 0.38 0.36 0.37 0.36 
Xylene 17.63 17.47 17.28 17.51 17.37 17.55 17.45 
Synolac 7503X60 17.79 17.48 17.78 17.56 17.79 17.62 17.77 
Octasoligen 27 0.59 0.58 0.61 0.58 0.60 0.58 0.60 
Antiskinning 0.18 0.19 0.18 1.19 0.18 0.19 0.18 
Dowanol PM 2.40 2.37 2.36 2.38 2.37 2.38 2.38 
TOTAL 100 100 100 100 100 100 100 
PVC 35.58 36.25 33.95 36.08 34.35 35.93 34.78 
= PVC/CPVC 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
%Solids (in volume) 45.00 45.00 45.00 45.00 45.00 45.00 45.00 
%Solids (in weight) 60.63 61.28 60.65 61.62 60.64 60.96 60.64 
 
The base mill was ground with glass balls of 3mm  in an orbital shaker for 20 minutes 
to assure a fineness of grinding lower than 20 µm. 
 
2.5. Testing methods and equipment 
2.5.1. Neutral Salt Spray Test (NSS). 
The neutral salt spray test (NSS) was performed according to ASTM B-117[22] in a salt 
fog chamber 400 SSC (Dycometal) under the conditions of (35 ± 2 )ºC, 6.5–7.2 units of 
pH and a salt fog with 5% (in weight) of sodium chloride water solution. A single 
vertical scratch of 6.5 cm long and of 0.1 mm wide was made on the coating surface 
using a carbide-tipped pencil-type tool prior to placing the samples into the chamber. 
The coated samples were left inside the chamber for 641 hours. After this time of 
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exposure, the three replicates of each sample were dried for 24 hours at room 
temperature and “cross cut” [23] adhesion, adhesion at the scribe [24], rusting at the 
scribe [24] and rusting on the panel [25] were evaluated.  
2.5.1.1. Cross cut adhesion (ASTM B-3359). 
Dry coating adhesion to the substrate is measured by performing a cross cut of scribes 
on the coating until reaching the substrate and applying a standard adhesive tape to 
remove it. 
2.5.1.2. Adhesion at the scribe (ASTM D 1654-92-B). 
The loss of adhesion at the scribe can be related to the cathodic delamination. In this test 
a standard tape is applied on the scribe, after 24 hours of ambient exposure, to quantify 
the adhesion loss. 
2.5.1.3. Rusting at the scribe (ASTM D 1654-92-A) 
By measuring the millimetres of corrosion at the scribe, it is possible to see the 
anticorrosive pigment effectiveness in slowing down corrosion. The evaluation consists 
of removing the coating in one half panel and measuring the rusting in mm from one 
side of the scribe.  
2.5.1.4. Rusting on the panel (ASTM B-610-01) 
In this evaluation the coating is removed from one half of the panel and the percentage 
of rusted surface is estimated.  
 
The anticorrosive protection value (global ranking) of a coating is an internal parameter 
of Nubiola (Ferro) and is not standardised. It is a combination of the rusting and 
adhesion results and it can be defined mathematically as: 
 
GLOBAL RANKING =0.8 x Rusting Ranking + 0.2 x Adhesion Ranking  [1] 
 
Where: 
Rusting Ranking = (Classification 0–10 Rusting on the panel ASTM D610 + 
Classification 0–10 Rusting at the scribe ASTM D1654)/2 
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Adhesion Ranking = (Classification 0–10 Adhesion at the scribe ASTM D1654 + 
Classification 0–10 Adhesion Cross cut ASTM D1654)/2 
 
They found that the ratio 0.8 / 0.2 gave them a better correlation with the simple visual 
observation of the sample. 
2.5.2. Accelerated Cyclic Electrochemical Technique (ACET)  
The accelerated cyclic electrochemical test (ACET) procedure measures the quality of 
the coating and its adhesion to the substrate by studying the resistance that the system 
offers to its degradation with cathodic polarisations [16]. The ACET was performed in 
accordance with UNE-EN ISO 17463 [26].  In this test, the coatings come into contact 
with the electrolyte and, after an initial characterisation by electrochemical impedance 
spectroscopy (EIS), they undergo, under controlled parameters that allow a comparison, 
six cycles of the following three steps (see Figure 1): 
- Cathodic polarisation (1 Polarisation) 
- Potential relaxation (2 relaxation time) 
- Final EIS measurement (3 EISn) 
 
Fig. 1. ACET test schematic figure versus time. 
ACET measurements were performed on a ZAHNER-IM6ex electrochemical 
workstation. The test was done in a three-electrode corrosion cell, using the bare 
substrate as a working electrode, a silver/ silver chloride (E=+0.197 V saturated vs 
NHE) reference electrode and a platinum counter electrode. The electrolyte used was a 
solution of 3.5% NaCl (by weight). The coating exposure area for testing was 9.62 cm
2
. 
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For this study, the EIS tests were carried out over a scanning frequency range from 
100000 to 0.01 Hz and the amplitude of the signal was 12.5 mV with respect to the open 
circuit potential. The cathodic polarisation was carried out for 20 minutes at a constant 
voltage of a -2V/Ag/AgCl  and the stabilisation period (where the open circuit voltage 
evolution with time is also registered) lasted 180 minutes. The measurements were done 
on two coated replicas and inside a Faraday cage in order to minimise external 
interferences on the system. When the results were coincident, one of them was used to 
represent the Bode plot; in the case of some difference between replicas, a third replica 
was selected and of the two coincident replicas, one was used for analysis. 
The impedance spectra were obtained and analysed using MedCo and Z-view software, 
respectively. Interpretation of impedance data was done by designing equivalent circuits 
(as in Fig. 2) which are built up from an appropriate combination of simple electrical 
elements, based on the use of circuits representing the dielectric properties of the layers 
and the electrochemical processes occurring at the metal/electrolyte interface [27]. 
 
Fig. 2. Equivalent circuit used to model ACET impedance data where passive parameters (Rs = 
electrolyte resistance, Rpo = pore resistance, CPEc = constant phase element of the coating capacitance, 
Rp = polarisation resistance and CPEdl = constant phase element of the double layer capacitance). 
The first parameters are related to the coating (pore resistance, Rpo, can be associated to 
porosity and the deterioration of the coating and constant phase element of the coating 
capacitance, CPEc, to the water uptake of coatings) and correspond to processes which 
occur at high frequencies; the second parameters give information about the interface 
(Rp can be associated with the polarisation resistance of the interface between the 
coating and the metal substrate; the constant phase element of the double layer 
capacitance, CPEdl, can be associated with the disbonding of the coating and onset of 
corrosion at the interface) and correspond to processes which take place at low 
frequencies [16].  
 
As mentioned above, the fitting results of the parameters of the equivalent circuit were 
obtained using the software ZView. The chi-squared parameter (χ2) of the fit was 
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usually below 0.1. When modelling the equivalent circuit with CPE, the software gave 
values of capacitance in units s
n/Ω, together with a parameter known as “n”. When n is 
close to 1 (ideal capacitor), it can be considered that the values for capacitances given 
by the software match the effective capacitances (ideal).  
 
3. Results and discussion. 
3.1. Neutral Salt Spray Test (NSS) 
Fig. 3 shows the image of the alkyd coatings without pigment (Reference) obtained 
after the exposure of the samples to neutral salt fog into a chamber for 641 hours. The 
scratched area of the Reference coating presents a considerable delamination, which 
indicates poor adhesion between the coating and the substrate after the exposure. 
 
  
Fig.  3. Photograph of the Reference panel after 641 hours in the salt spray chamber. 
Table 2 shows the quantitative rusting and adhesion results for the samples tested.  
Nubirox N2 and Nubirox 106 were added at different anticorrosive pigment volume 
concentration (PVC). When any of the pigments were added to the Reference 
formulation, especially in the case of Nubirox 106, a significant decrease in the rusting 
at the scribe parameter and in the two parameters referring to the adhesion 
(delamination at the scribe and on the panel, measured as a maximum value) was seen. 
According to the global ranking (eq.1), coatings including Nubirox N2 and Nubirox 106 
pigments achieved better performance than the Reference coating. These results indicate 
an increase of the anticorrosive protection because of pigment addition, and a better 
anticorrosive performance with the content increase of anticorrosive pigment. 
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Both evaluated pigments have a positive effect in the Reference formulation, leading to 
reduction in rusting at the scribe and delamination on the panel for all considered 
concentrations, especially for delamination in the case of Nubirox 106 pigment 
(delamination at the panel is reduced close to zero). In other studies of epoxy coatings 
[16] Nubirox 106 also offered very good results. The NSS test confirmed that the alkyd 
coating containing 6% volume fraction of Nubirox 106 had the best protection ability. 
Table 2: Results of formulated coatings after exposure for 641 hours to salt spray (distilled water with 5 
wt% NaCl). 
Pigment 
Rusting at the 
scribe (mm) 
(ASTM D 
1654-92-A) 
Rusting on 
the panel (%) 
(ASTM B-
610-01) 
Rusting 
Ranking*  
Delamination at 
the scribe (%) 
(ASTM D 1654-
92-B) 
Delamination on 
the panel (%) 
(ASTM B-3359) 
Adhesion 
Ranking* 
Anticorrosive 
protection 
Global 
Ranking* 
REFERENCE 3.5±0.0 0.1±0.00 7±0 100±0 73±46 1±1 5±0 
Nubirox N2 3% 2.7±0.3 0.05±0.04 7±0 47±6 57±12 2±0 6±0 
Nubirox N2 4.5% 2.5±0.0 0.07±0.05 7±0 40±14 15±7 4±0 7±0 
Nubirox N2 6% 2.5±0.0 0.05±0.04 7±0 43±6 35±48 4±3 7±1 
Nubirox 106 3% 2.3±0.6 0.05±0.04 8±1 27±15 0±0 7±1 8±0 
Nubirox 106 4.5% 2.2±0.3 0.03±0.00 8±0 23±6 1±1 7±0 8±0 
Nubirox 106 6% 2.0±0.5 0.03±0.00 8±0 27±6 1±1 7±0 8±0 
*non standardised evaluation. 
3.2. Accelerated Cyclic Electrochemical Technique (ACET) 
Fig. 4 a-c show the Bode plots corresponding to the reference coating, Nubirox N2 and 
Nubirox 106 coatings at 6% in the alkyd formulations after six cathodic polarisations, 
respectively. 
Coatings containing inhibitory pigments exhibited a higher impedance modulus after six 
polarisation cycles were applied. The variation of the impedance value at low frequency 
(i.e. 0,1Hz) was reduced during the cycles, when compared to the reference coating. 
Regarding the frequency sweep, the capacitive behaviour of Nubirox 106 containing 
coating is more obvious, since the first region of the phase angle line remains constant 
at around -90º until lower frequency values. 
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(a) 
 
(b) 
 
(c) 
Fig. 4. Evolution of Bode spectrum with the cycles of ACET (cycle: 0(), 1 (), 2 (), 3 (), 4(), 
5() and 6 () for a) Reference; b) Nubirox N2 6% and c) Nubirox 106 6% coating.  
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The electrical equivalent circuit shown in Fig. 2 and the Z-View software were used to 
fit the impedance data obtained in the ACET test and to model the behaviour of the 
different coatings with anticorrosive pigments applied onto the steel and in contact with 
electrolyte. Fig. 5 shows the excellent concordance between the experimental results 
(impedance modulus and phase) and the modelled values over the whole frequency 
range studied. 
 
Fig. 5. Experimental and fitted data of coating with Nubirox 106 6%. 
Fig. 6 and Fig. 7 show the evolution of the equivalent circuit parameters with the 
polarisation cycles applied to Nubirox N2 and Nubirox 106 coatings, respectively. The 
results of coating capacitance CPEc are not shown because they barely present 
significant variations and do not show any clear tendency in the values with the cycles 
(the obtained values are between 6*10
-10
 and 1.4*10
-9
). 
It can be observed that the pore resistance, Rpo, is higher at cycle 0 for coatings with 
Nubirox N2 (Fig 6a) in comparison with the reference coating, although its value 
decreases with the applied polarisation stress probably due to coating degradation. The 
pigment percentages do not seem to exercise any influence on the CPEdl values, as all 
coatings show a similar trend (Fig. 6c). The increase of CPEdl with the cycles applied 
can be related to intensification of the delamination processes. In contrast, the pigment 
content has a significant effect on the polarisation resistance parameter, its values 
increase with the pigment content, possibly due to the formation of a passive layer on 
the substrate surface. It is remarkable that the evolution of Rp remained almost constant 
during the polarisation cycles for the 6% Nubirox N2 coating indicating high stability of 
the passive layer formed. 
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Nubirox 106 does not lead to any significant improvement in the Rpo values (Fig. 7a). 
In fact, the main effect of the pigment content is on the interphase between the coating 
and the substrate. The anticorrosion properties of the coating improve when the pigment 
dose is increased, 6% PVC giving the highest polarisation resistance values (Rp, Fig 7b) 
and the lowest double layer values (CPEdl, Fig. 7c) that are indicative of high interface 
stability and reduced coating delamination, respectively. Variation in the values of Rp 
and CPEdl with the cycles is reduced when the pigment content is increased. 
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(c) 
Fig. 6 (a) Evolution of pore resistance, Rpo; (b) polarisation resistance, Rp; (c) double layer capacitance, 
CPEdl vs. the number of cycles for alkyd coatings with different pigment content: Reference (), 
Nubirox N2 3% (), Nubirox N2 4.5% () and Nubirox N2 6% (); applied on cold rolled steel. 
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(b) 
 
(c) 
Fig. 7. (a) Evolution of pore resistance, Rpo; (b) polarisation resistance, Rp; (c) double layer capacitance, 
CPEdl vs. the number of cycles for alkyd coatings with different pigment content: Reference (), 
Nubirox 106 3% (), Nubirox 106 4.5 % () and Nubirox 106 6% (); applied on cold rolled steel. 
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relative measurement of the polarisation resistance variation in the coatings during the 
accelerated cyclic electrochemical test and is calculated from the equation [2]:  
    
                 
        
      [2] 
where the Rpmax and Rpmin are the values of polarisation resistance maximum and 
minimum obtained in the cycles of ACET test, respectively. Thus, a lower Rp* value 
means lower variation of the polarisation resistance during the cycles.  
 
Figures 8 a-f show both the evolution of ΔRp* calculated from the ACET results and 
the evolution of the parameters obtained after 641 hours in neutral salt spray, NSS, 
(rusting at the scribe, rusting on the panel, delamination at the scribe and delamination 
on the panel) versus anticorrosive pigment concentration, PVC. The evolution of the 
Rp* parameter and the millimetres of rusting at the scribe are very similar for both 
pigments (Fig.8a and Fig. 8d), 6% giving the best PVC (best anticorrosive performance) 
by means of electrochemical assay and salt fog spray test. If the coating contains an 
anticorrosive pigment, after 641 hours in the salt spray cabinet, the oxidation on the 
panel is 0% even at low doses (Fig 8b and Fig 8e).  That means that when the pigment 
dose is increased, there is no improvement in this parameter, the small observed 
differences could be explained due to error in the test or to inherent defects. At a longer 
exposure time probably it may be possible to see differences between them. 
 
Adhesion properties evaluated by means of delamination at the scribe and delamination 
on the panel measurements in the salt fog spray test also improve with the addition of 
pigments. Although significant adhesion improvements are detected with a 3% addition 
of any pigment, only small variations in the adherence results were detected at higher 
percentages except for panel delamination with Nubirox N2 coatings (Fig. 8c).  
 
The results from the calculation of the parameter Rp* show that further increases of 
PVC of anticorrosive pigments, whichever pigment was studied, are clearly better. 
Moreover, the results obtained by NSS confirm this behaviour for the Nubirox 106 
coatings. 
The use of a single electrochemical parameter such as Rp* can be useful for 
determining the anticorrosive properties of a formulation obtained by the addition of 
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different quantities of anticorrosive pigments and to obtain a certain correlation with salt 
fog spray resistance results. This correlation is only obtained when the same type of 
pigment formulations are compared. 
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(e) 
 
(f) 
Fig. 8. Evolution of ΔRp* and rusting at the scribe versus PVC, Evolution of ΔRp* and rusting on the 
panel versus PVC and Evolution of ΔRp* and delamination versus PVC for the alkyd coatings with 
different pigments: Nubirox N2 (a, b, c), and Nubirox 106 (d, e, f); applied on cold rolled steel. 
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4. Conclusions 
The neutral salt spray test (NSS) and the accelerated cyclic electrochemical test (ACET) 
were used to investigate the effects of anticorrosive pigment addition (standard zinc 
phosphate or Nubirox N2 and modified zinc molybdenum phosphate or Nubirox 106  at 
0, 3, 4.5 and 6%) in a solvent alkyd paint applied over cold rolled steel panels (CRS). 
The experimental results of the NSS test revealed that the addition of both anticorrosive 
pigments to the alkyd paint exhibited a high inhibitory effect on the corrosion behaviour 
of the scratched coated steel. It was found that addition of the Nubirox 106 pigment 
decreased the corrosion generation rate in the scribe, as well as the coating 
delamination, significantly more than addition of the Nubirox N2 pigment.  
ACET tests illustrated that the Nubirox N2 and the Nubirox 106 pigments improved the 
corrosion protection properties of the alkyd coating and that the higher the dose the 
better the result. The alkyd coating containing 6% of Nubirox 106 pigment showed the 
highest interface stability and the lowest delamination area. 
A new parameter Rp* based on the variation of the polarisation resistance from ACET 
test, was introduced with the aim of characterising the anticorrosive performance of the 
coatings. 
The results from ACET and NSS were correlated using the parameter Rp* and the 
NSS parameters were evaluated. This study confirms the existence of a correlation   
between the techniques when using a single pigment. The best anticorrosive coating 
obtained in this study was formulated with 6% of Nubirox 106, followed by the coating 
with 6% of Nubirox N2, with a significant improvement compared with the results 
obtained using the reference coating. 
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